In this research work, the effect of different concentrations of copper, iron, lead, zinc and nickel ions on the tendency for gum formation in gasohol fuel is investigated. For that purpose, a gasohol sample has been doped with these five metals ions at concentration levels of 0.25, 1.0, 2.0 and 3.0 μg ml − 1 . Washed gum content tests have been carried out using ASTM D 381 on samples stored for 7, 14, and 28 days. The results show that gum formation is strongly affected by Cu and Fe, with a much weaker effect from Ni and Zn, and an almost negligible effect from Pb. A variance analysis (ANOVA) of the experimental results shows that an increase in metal concentration strongly increases the rate of gum formation for all metal ions investigated, particularly Cu and Fe, while an increase in storage time has only a much weaker effect, being negligible for Zn.
Introduction
Automotive gasoline is a complex mixture of olefinic, paraffinic, naphthenic and aromatic hydrocarbons, with a carbon content in the C 4 -C 12 range and boiling points between 30°C and 220°C, approximately, plus small amounts of sulfur, oxygen, and, to a lesser degree, nitrogen compounds [1, 2] . The combination of these hydrocarbons with the oxygenate compounds present determines the physico-chemical properties of the fuel and has a great influence on engine performance. These combination effects are even greater for the gasoline used as automotive fuel in Brazil, that contains between 20% and 25% v/v of ethanol, being referred to as gasohol.
Some classes of hydrocarbons, particularly olefins and diolefins, are able to slowly react, at ambient temperatures, with the oxygen in the air [3] . The oxidation of these hydrocarbons is responsible for the formation of an insoluble solid, commonly called deposits or gum, which sticks to the metal surfaces of internal combustion engines. Accumulation of these products can cause engine wear and can have adverse effects on engine efficiency, performance, and durability [4] [5] [6] .
The washed gum content of a gasoline stands for the nonvolatile residue which will remain after evaporation of gasoline and it is one of the most important parameters for evaluation of its quality. Brazilian legislation regarding gasoline quality standards establishes that the maximum gum content should be 5.0 mg per 100 ml of gasoline [7] .
Several factors contribute to accelerate gum formation, such as increases in temperature and storage time, as well as the presence of metal ions. Trace amounts of certain dissolved metals can promote fuel degradation by oxidation of organic compounds, that often leads to gum formation. Moreover, the presence of metallic species in automotive fuels is generally undesirable since it is associated with corrosion, metal www.elsevier.com/locate/fuproc deposition on engine parts and poor fuel performance due to oxidative decomposition reactions [8, 9] . In many countries, private and government programs have been established for the research and development of alternative, more ecologically friendly, fuels. Among these, ethanol is of increasing interest, both as an alternative fuel and/or an additive for gasoline. Brazil was the first country to attempt, and successfully implement, a large-scale program for the use of alcohol as an automotive fuel, either by the use of pure ethanol or ethanol-gasoline blends -gasohol, containing between 20 and 25% v/v of anhydrous ethanol [10, 11] . Due to chemical differences between oil derived fuels and alcohols, corrosion problems are intrinsically more severe when alcohols are present in the fuel. Alcohols dissolve both water and inorganic salts and the water content of alcohol plays a significant role in metal corrosion when alcohol is used as fuel. Furthermore, the physical and chemical properties of alcohols influence corrosion [12] . Thus, metallic species may be introduced by corrosion of equipment during fuel production, processing and/or storage, promoting gum formation [13] . Other sources of metal contamination in gasoline may be the cracking process, fuel transportation, poor fuel storage conditions and fuel adulteration, as well as the use of ethanol as an octane booster additive.
The influence of metal ions on gum formation in conventional gasoline, i.e. without the addition of ethanol, has been previously reported [14] . However, the large-scale use of gasohol and its contamination by metals, due to the presence of ethanol, has yet to be investigated with regard to the effect of the presence of different metals on gum formation. This research work intends to fill this gap by studying the effect of the presence of Zn, Fe, Ni, Pb and Cu with respect to metal ion concentration and fuel storage time.
Experimental

Procedure
The gum content of gasohol samples has been determined in accordance with ASTM D 381, Standard Test Method for Gum Content in Fuels by Jet Evaporation [15] using an evaporation bath equipped with a flowmeter (Walter Herzog GmbH, Lauda-Königshofen). In this procedure, 50 ml of the sample is evaporated for 30.0 ± 0.5 min under controlled conditions of temperature (160-165°C) and flow of filtered air at a pressure no higher than 35 kPa. The residue is weighed after extraction with n-heptane (99.7% minimum purity) and the results are reported as milligrams per 100 ml. This residue is called "washed" gum content.
Reagents and samples
All reagents used were of analytical grade. Methanol (99.8% min.) was used to prepare the metal solutions. These (1000 μg ml − 1 each) were prepared by accurately weighing copper, iron, zinc, nickel and lead nitrates (Merck) followed by dilution with methanol. These solutions were used to spike gasohol. A gasohol sample, previously analysed and found to be in accordance with Brazilian regulations, was used for doping with each of the five metals at concentration levels of 0.25, 1.0, 2.0 and 3.0 μg ml − 1 . The tests were carried out by keeping 300 ml of each sample at 25°C for up to 28 days and measurement of the washed gum content, by evaporation in accordance with ASTM D 381, after 7, 14, and 28 days of sample storage. All the experiments were done in quadruplicate.
Results and discussion
Metal ions, particularly those from transition metals (copper, nickel, lead, etc.), can have a profound effect on the rate of hydrocarbon oxidation [16] . Since, as previously shown by the work of de Campos et al. [17] , Cu, Fe, Pb and Ni are frequently found in the gasohol fuel used in Brazil, and these metal ions, Table 1 Washed gum content for uncontaminated and doped gasohol samples at different levels of metal contamination, and several storage periods (n = plus Zn, were selected for use in this research work. Since the purpose of this research work has been to study fuel deterioration at adverse storage conditions and in order to account for a wide range of contamination, gasohol was doped with 0.25, 1.0, 2.0 and 3.0 μg ml − 1 of each of the selected metals.
Automotive fuel is usually consumed shortly after production, in most cases within a week or two of purchase. However, there are occasions when fuel is kept for a longer period, such as when stored for usage on small-engine equipment or as a backup supply. In order to evaluate the effect of storage time on gum formation, a period of 4 weeks was selected for this study, and the washed gum content of the samples determined at the end of each week.
The washed gum contents obtained for an uncontaminated and all doped gasohol samples after 7, 14, 21 and 28 days of storage are shown in Table 1 . These indicate that, in the case of Cu and Fe, there is a marked increase in gum formation as the level of contamination increases. For the other metals studied (Ni, Pb and Zn) this effect depends on the level of contamination, being negligible up to 1.0 μg ml − 1 and very slight between 2.0 and 3.0 μg ml − 1 . It also shows that for Ni, Pb and Zn, contaminations of up to 1.0 μg ml − 1 will not take the washed gum content over the limit set by Brazilian gasohol quality regulations, whereas the presence of 1.0 μg ml − 1 of Cu is enough to exceed that limit, by raising the washed gum content to a value of 7.5 μg ml − 1 after just 7 days of storage time.
With regard to storage time, the results show that it increases gum formation for contaminations by Cu, Fe, Ni and Pb, being negligible for Zn. Moreover, for higher contamination levels of Fe and Ni time tends to be more important after 3 weeks of sample storage, while for Cu and Pb the effect of storage time is greater between 1 and 2 weeks of sample storage.
In order to establish the significance of the effects of the level of metal contamination and of storage time on gum formation for each of the metals studied, a variance analysis (ANOVA) has been carried out. This analysis involved the evaluation of the P-value significance levels, which represents the probability of the effect of a factor being due solely to random error. Thus, if the P-value is less than 5%, the effect of the corresponding factor is significant [18] . In this research work, ANOVA has been applied to the data shown in Table 1 and the results obtained are shown in Table 2 . These indicate that, for all metals studied, the contamination level is a major factor on the rate of gum formation. As previously observed this significance is much greater for Cu, Fe and Zn, than for Ni and Pb. ANOVA also shows that storage time is a factor much less significant than the metal contamination level. Nevertheless, it is more significant for Cu and Pb than for the other metals studied, particularly Zn, for which it is a negligible factor.
Conclusions
This research work has been aimed at giving some insight on the influence of different metals (zinc, nickel, copper, lead and iron) on gum formation in gasohol, with regard to metal contamination level and gasohol storage time. Results have shown that copper and iron, metals frequently present in the structure of piping, transportation vehicles and storage tanks, strongly increase the rate of gum formation, for any storage time, this influence increasing with the level of metal contamination. Nickel and zinc, on the other hand, exert a weaker influence on the rate of gum formation, the effect of zinc being independent of storage time, while the effect of lead is almost negligible. 
